The current and future wind energy potentials for two square areas (SA) in the region of Freiburg were assessed and analyzed , with the aim of mitigating climate change by increasing the use of wind energy. For future conditions the regional climate models REMO and CLM were taken into account for the IPCC Emission Scenarios (SRES) A1B and B1. One aim was to provide information of the applicability of data from regional climate models in terms of wind energy. As a reference dataset, the wind energy potentials of the two measurement stations of the German Weather Service (DWD) in Freiburg (SA I) and on the Feldberg (SA II) were assessed. Calculations were carried out by the Wind Analysis and Application Program (WAsP). Results were in terms of visual analysis displayed with maps. While the annual electricity performances of the reference data in SA I and SA II reach up to 7.2 GWh and 10.1 GWh respectively, the calculations for REMO and CLM show an underestimation of the real conditions for every period and Emission Scenario. Hence the applicability of the models in consideration seems to be limited. Nevertheless, with regard to different socio-economic developments (SRES A1B and B1), the results provide an overview of the wind energy potentials' development in the different periods.
Introduction
Negative impacts of anthropogenic climate change are becoming more and more evident. The occurrence of extreme tainable sources of energy, such as wind energy [1] . As well as some climatic and environmental benefits, wind energy fosters the decentralization of energy production. Moreover, its demand for land is relatively low, energy yields are high and the initial energy expended to start up a wind farm is rapidly recouped [2, 3] . The natural wind power supply at a certain site is crucial for the installation of a wind turbine [4] . In Baden Württemberg, especially in the low mountain range areas, the conditions are appropriate for wind energy. The investigation area of the paper at hand is limited to the district around Freiburg im Breisgau and the Feldberg in the Black Forest. In the recent past, the city of Freiburg had defined the goal to meet 10% of the city's demand for electricity by renewable energies by 2010. At the same time the consumption of electricity should be cut by 10%. It was hoped that wind energy would produce 40.5 M kWh of power, providing half of the 10% goal and hence accounting for the biggest contribution among the renewable energy sources. According to prospects of the city of Freiburg [5] the five wind turbines within the bounds of Freiburg can only produce 14 M kWh during a windy year. Thus, additional wind turbines would have been required, however, they were inhibited by the regional development plan. With regard to climate protection and the advantages of wind energy the current and future wind energy potential have been assessed and analyzed via maps [6, 7] . The aim for our theoretical study was to compare the differences between recent and expected conditions. We assumed that the internal climate variability is included in both time frames. The future potential was estimated on the basis of the IPCC-Emission Scenarios (SRES) A1B and B1 of the regional climate models REMO and CLM. The focus lay also on the applicability of the climate models for wind energy related matters. The processing of the datasets was carried out by the Wind Atlas Analysis and Application Program (WAsP) of the Risø National Laboratory, Denmark [8] . For visual analysis the results were displayed with ARC Editor.
Investigation Area
The investigation area covers two square areas in the region of Freiburg im Breisgau, each with an extent of 20 x 20 km 2 ( Fig. 1) . The central points of these squares are represented by the Urban Climate Station (Meteorologische Stadtstation) [9] of the Albert-Ludwigs-University of Freiburg and the station of the German Weather Service (DWD) in square area (SA) I, and by the station of the DWD in the Feldberg area (SA II). The horizontal distance between the centers is about 20 km. Hence the investigation area reaches from the highest summit of the Black Forest (Feldberg 1493 m) with its complex topography, over the "Vorbergzone" to the exit of the Dreisam Valley into the Upper Rhine Valley and up to the city of Freiburg.
Freiburg is located in the southern part of the Upper Rhine Graben between the Vosges region (in the W) and the Black Forest region (in the E), thus the study area is influenced by different wind systems. Due to the location in the frontal zone of the northern hemisphere, higherlevel westerly winds dominate, but are modified by effects of the two mountain ranges delimitating the Upper Rhine Graben. The mountain ranges favor the development of up-and downwind effects and channelize the wind field. Consequently, the winds in the lowlands mainly come from the north and the south in contrast to the upland winds, showing the pattern of southwesterly and westerly winds. The mean wind speeds in the lowlands are relatively low and range between 1.7 and about 3 m/s [10] .
Moreover, during autochthonous weather situations in the complex valleys of the Vosges and the Black Forest, the development of thermally induced wind systems that have their origin in different expositions of hillsides and valleys is very likely. In this context the W -E directed local wind system called "Höllentäler" with a mean wind speed of 2.9 m/s, located in the Dreisam Valley is worth mentioning [11, 12] . The wind direction of these local wind systems show a diurnal cycle and the speed maxima generally exceed 10 m/s [10] . After all, the dominating macro-climatic wind directions are modified by the locally prevailing winds, whereby the wind speeds in the narrow valleys of the Black Forest show relatively low values even 100 m above ground level (a.g.l.) (Fig. 2) . 
Methodology and data
The basic calculations for estimations of the retrospective ) and the future (2021-2050 / 2071-2100) wind energy potential were carried out with the wind atlas analysis software WAsP. The software can produce vertical and horizontal extrapolations of wind atlas datasets. In a wind atlas dataset the observed wind data or the simulations of REMO and CLM have been "cleaned" with respect to site-specific conditions. Hence the wind atlas data sets are site-independent and the wind distributions have been reduced to some standard conditions [8] . Therefore WAsP contains three physical models to describe the wind flow over different terrains, also considering sheltering obstacles, the land use and the surface roughness ( Fig. 3 ):
• Model for sheltering obstacles: considers the effects of buildings on the wind flow conditions
• Model for roughness of terrain: considers changes of the wind flow caused by changes in the surface roughness (Internal Boundary Layer -IBL)
• Model for mountainous terrain: considers changes of the wind flow caused by the slope angle and the relief in a mountainous terrain Two processes, the Analysis and the Application process, are essential parts of the program (Fig. 3) . The Analysis process (↑) (cp. Fig. 3 ) can be summarized as follows:
1. Analysis of the time-series of the observed wind data and the climate model data, in order to provide statistics of a site specific wind climate (OWC = observed wind climate). In each case the OWC statistics are graphically represented by a histogram, a Weibull distribution curve and a wind rose.
2. Transformation of the OWC into a wind atlas dataset or regional wind climate (RWC) by applying the above mentioned models (Fig. 3) to the OWC. Thereby the raw data are "cleaned" with respect to the local topographic conditions. The RWCs are site-independent and the wind distributions are reduced to some standard conditions. The statistic summaries of the RWC also contain a Weibull distribution curve and a wind rose.
The calculations integrated in the Application (↓) (cp. Fig. 3 ) process are as follows:
1. Estimation of the wind climate at any specific point in the study area, by performing the inverse calculation as is used to generate the RWC. By introducing descriptions of the terrain around the predicted site, the models can compute the "predicted wind climate" (PWC) for any specific site and height.
2. Estimation of the wind power potential. WAsP calculates the mean wind power density production and estimates the actual, annual mean energy production (AEP) of a wind turbine at a specific site or within the study area. The AEP is obtained by providing WAsP with the power curve P ( )of the wind turbine in question. In this case the 2.3 kW wind turbine ENERCON E-82 [13] was used. The results for the study area are displayed as "resource grids", raster data for the parameters "mean wind speed", "wind power density" and AEP, that have been extrapolated to the extents of SA I and SA II, in this case for a height of 100 m a.g.l..
The wind power calculations in WAsP are mainly based on the following equations [8] .
The mean wind power density (P) is calculated by equation 1:
ρ is the standard air density (1.225 kg/m 3 ), the mean wind speed. P is given per area (m 2 ) that is passed by the wind flow. WAsP uses a Weibull distribution in order to obtain the AEP. It describes the distribution of the observed and modeled data mathematically and is specified by equation 2:
A is the scale parameter in m/s, is the shape parameter of the distribution.
Regarding the power curve P ( ) of a specific wind turbine (kW) (here ENERCON E-82 [13] ), the AEP can be estimated by generating the integral for the product of the Weibull distribution ( ) at hub height and the power curve P ( ). It describes the total energy yield per wind speed categoryP 3:
The annual electricity performance of a wind turbine E (also AEP) (kWh) is described by equation 4:
The basic site specific information for the WasP models, describing the terrain of the study area by means of contour lines and roughness maps, were prepared via ArcEditor. The elevation maps were derived from the digital elevation model ASTER [14] showing a horizontal resolution of 30 m. In order to create a roughness change line map with five aggregated roughness classes, the CORINE Land Cover data of the reference year 2000 (CLC2000), with a resolution of 100 m × 100 m, were taken into account [15] . The wind energy potential comparisons and analyses in the study area were conducted for observed data, as well as for simulated data obtained from the regional climate models REMO and CLM. The observed data comprises records of the wind speed and wind direction of three stations within the study area. Their characteristics are given in Table 1 . The DWD datasets of the stations in Freiburg and in the Feldberg area are available for the period 1961-1990, and consist of three daily wind observations. They were used for the analysis of the present and historical wind energy potentials, and moreover, formed the comparative data for the future assessments, derived from climate models.
The simulated data series are based upon the hourly wind speed and wind direction of the regional climate models REMO and CLM during the reference period C20 ) and the high resolution Emission Scenarios A1B and B1 [16, 17] . For the study, four grid points (two for each model and square area) were identified (Table 2) , representing the climate of the DWD stations Freiburg and Feldberg. The grid points were also selected with respect to the real terrain heights (a.s.l.) at the DWD Station (Tables 1 & 2) . For further calculations in WAsP they were also treated as "single stations", serving as input for the calculation of a wind atlas data set.
REMO is a three dimensional, hydrostatic, regional climate model. The relevant physical processes of this atmospheric circulation model are computed dynamically for a horizontal resolution of 10 × 10 km 2 [18] [19] [20] [21] . It is initialized and driven at the lateral boundaries using data from the global coupled atmospheric/oceanic model ECHAM5/MPI-OM [22] [23] [24] of the Max-Planck-Institute for Meteorology. The second high resolution climate model CLM is the climate version of the "Local Model" (LM) for weather forecasts of the DWD [25, 26] . It is a non-hydrostatic model nested directly into the global ECHAM5 field, i.e. it is driven continuously by global climate simulations of ECHAM5/MPI-OM, weather analyses and re-analyses. Its grid resolution is 18 × 18 km 2 [27] . The model data of the REMO and CLM Emission Scenarios A1B and B1 each were analysed for the periods 1961-1990, 2021-2050 and 2071-2100.
It should be noted that the simulations in this study depend heavily on both the SRES A1B and B1, and on the global climate model ECHAM5/MPI-OM that is used to drive REMO and CLM.
Results
The wind energy potentials in the square areas were an- 
Square Area I: DWD-Station Freiburg (FR)
Based upon the observed wind speed and wind direction at 10 m a.g.l. the OWC was calculated for the DWD station in Freiburg (Fig. 4) . The wind rose and the Weibull distribution reflect the wind statistics graphically. The table contains the sector-wise listing of the probability of occurrence of the wind direction, the Weibull parameters A and k, the mean wind speed v and the mean wind power density P. The mean wind speed ranges between 0.7 in the N and 4.5 m/s in the SW. Accordingly, P varies from 1 W/m 2 in the N to 110 W/m 2 in the SW. With exception of the sectors 3, 4, and 7 the calculated Weibull distribution reflects the observed wind speed distribution quite well. According to the location in the westerly zone the wind rose shows the dominant wind direction sectors 8, 10 and 12 at the station. The prevailing southwesterly wind originates from the location between two channelizing mountain ranges and the "jet" effect of the Burgundische Pforte [28, 29] . Looking at the histogram and the Weibull distribution representing the conditions 10 m a.g.l., shows the wind power spectrum is constrained to low categories. The mean wind speed U is 2.8 m/s, the wind power density P is 46 W/m 2 . The RWC includes values of U and P for computed standard heights and roughness classes (Fig. 5) . The heights were calculated in WAsP, applying a logarithmic wind profile to the values at 10 m a.g.l. With an increase in height the values for U and P increase throughout the roughness classes 0 to 4. Increasing roughness on the contrary, causes a decrease in U and P. The prevailing wind directions are not influenced by a change in the surface roughness. Thus the RWC gives a very good picture of the conditions in the westerly zone. The mean values of U and P are comparable to the values of the OWC. The mean value of the Wind Power Density 100 m a.g.l. in Square Area I is 194 W/m 2 . The areas that are exposed to strong winds are also characterized by a high wind power density. Technically speaking the kinetic energy of wind is commensurate to the third power of the wind speed v (cp. equation 1). In consideration of the RWC and the power curve of the wind turbine ENERCON E-82 the annual mean energy production (AEP) for the study area of the DWD station Freiburg was assessed to be 3.4 GWh (Fig. 6, 7, 9 ). The lowest AEP (1.2 GWh) is anticipated to be at the exit of the Zastler Valley (about 500 m above sea level) (E 422962; N 5309256), the maximum (7.2 GWh) is met on the Kibfelsen (838 m above sea level) (E 416962; N 5312856). Figure 7 shows the histogram of values within Square Area I and II. According to the ratio of lowlands to altitudes in Square Area I the lower AEP classes occur more frequently. The wind speed distribution of a specific site influences the AEP directly. Above all, the continuity of the winds are crucial; which is specified by the shape factor k of the Weibull distribution. The most efficient wind energy sites are met in crest and hill top positions with high mean wind speeds. Interestingly, the sites with the highest elevation, such as the Schauinsland region, do not necessarily show the highest wind energy potential. For instance, the Schönberg region shows despite a relatively low elevation of 645 m a.s.l. very good wind conditions. This is owing to its isolated exposition within the mean wind field of SA I. The region west of Freiburg, however, shows only low values of U and the AEP, respectively ( Fig. 2 & 6 ) compared to higher elevations. Yet within the Upper Rhine Valley the mean values vary from 3 to 5 GWh, with accordant mean wind speeds of 4.5 to 6 m/s. Thus the requirements for an economic utilization of the wind power would definitely be met.
Square Area II: DWD-Station Feldberg (FeBe)
Given the location at the edge of the Upper Rhine Graben, the broad valley of the "Wiese" sloping southwest of the peak ( Fig. 1 & 2) and the Burgundische Pforte with its "jet" effect [28, 29] . Due to the higher elevation the values are much higher compared to the results for the DWD station in Freiburg. The northwestern area of SA II and the southwestern realm of SA I overlap (Fig. 1) . Comparing the modeled parameters in that section, the SA II shows higher values. Besides the higher input wind speeds of the DWD station Feldberg, the complex topography of SA II also influences the model calculations. Further details on the operational envelope in WAsP are given in the discussion. Figure 8 shows the WAsP results for the AEP 100 m a.g.l. The SA II mean AEP at 100 m a.g.l. is about 5.1 GWh (Fig. 7 & 10) . The minimum is again located in the Zastler Valley (see above) (567.6 MWh), the maximum on the Staldenkopf (10.1 GWh). The histogram in Figure 7 displays that the AEP value distribution is fairly balanced in SA II. The crests and hill tops show widespread areas with very high wind energy potentials. Regarding climatic conditions only, all regions with more than 4 GWh AEP can be considered for an economic utilization of the wind power. For SA II this implicates that even smaller hills are climatically suitable in terms of wind energy production. The obviously higher level of the AEP compared to the DWD station in SA I is primarily caused by the higher elevation in SA II. 
Square Area I: Comparison of modeled parameters of the DWD station Freiburg and the Climate Models REMO and CLM
The OWC of the REMO model is characterized by prevailing winds from the NE, and the Weibull distribution displays the occurrence of mainly low wind speed categories. The dominance of northeasterly winds is most likely attributed to variations in REMO. The local thermally induced wind systems of the Black Forest valleys in the E are probably weighted higher than the higher-level mesoscale wind systems of the westerly zone.
CLM's OWC shows a prevalent wind component from the SW and matches approximately the conditions of the DWD station Freiburg. The Weibull distribution also represents mainly low wind speed categories.
Comparing the mean wind power density P (100 m a.g.l.) of the DWD station, the models and different scenarios, REMO and CLM generally show a lower level than the DWD station during the reference period C20 (1961-1990) (FR REMO C20, FR CLM C20). This applies also for the mean wind speed U, however, the differences in P are greater, owing to the dependency of P on the third power of the wind speed. The REMO value is about 68% and the CLM value is about 55% below the DWD value. Looking at the future scenarios, the assessments of the period 2021-2050 for REMO A1B and B1, as well as for CLM A1B and B1, surpass the calculated values for the period 2071-2100. FR CLM A1B and FR CLM B1 show the highest mean wind power densities (92 W/m 2 ) of the climate models in SA I. They exceed the CLM C20 value by 4.6%. However, REMO B1 shows the highest relative increase (4.8%) compared to REMO C20. Comparing the AEP (100 m a.g.l.), there are similarities to the wind power density visible (Fig. 9) . REMO C20 underestimates the mean AEP of the DWD by about 63%. Major discrepancies can usually be found on crests and hill top positions, whereas minor differences mainly lie within the valleys of the Black Forest and its foothills (Fig. 6) . On the Flaunser the modeled results differ by 4 GWh, reaching the maximum difference. The area on the Kibfelsen with the maximum AEP values for both REMO C20 and the DWD Station, shows a difference between 2.5 and 3.5 GWh.
Looking at CLM C20 an underestimation of the DWD mean AEP by about 47% is visible (Fig. 6 & 9 ). Major differences are again located in hill top position (Fig. 6) . Flaunser, Kibfelsen and the Holzschlägermatte display similar patterns as identified for REMO C20, with a difference in AEP of around 3 GWh.
The future projection of CLM B1 shows the highest mean AEP value (1.95 GWh) among the climate models and exceeds the CLM C20 value by 4.8% (Fig. 9) . The highest relative increase (5.5%) is again anticipated for REMO B1. In general, the period 2021-2050 shows an increase of the wind energy potential compared to the C20 scenarios of REMO and CLM. 2071-2100 on the contrary is characterized by a slight decrease of the wind energy yields.
These differences in the models and the fact that the CLM results exceed the REMO data of the same period in particular, is most likely caused by a difference in the model heights (Tab. 2). Conspicuously, the B1 scenarios of both models and future periods surpass the corresponding AEP values of the A1B scenarios.
One possible explanation are random internal climate variations within the model projections. Another interpretation of this matter would be that variations are caused by different greenhouse gas emissions of the SRES [1] . The lower greenhouse gas emissions in scenario B1 then have a smaller impact on the radiative forcing than the emissions in scenario A1B. Hence the global and local thermal conditions are directly influenced [1] . For scenario B1 this influence would be of a smaller extent than for a higher greenhouse gas radiative forcing like in scenario A1B. Assuming the influence on thermal conditions an influence on troposphere air pressure would be a plausible consequence. For the A1B scenario with its higher greenhouse gas emissions, the thermal (and air pressure) conditions then in theory might be more balanced on a macro and meso scale. Any discrepancies of the results, caused by inaccuracies related to the topography are described by WAsP's Orographic Performance Indicator ∆RIX [31] [32] [33] [34] . In Square Area I ∆RIX is maximum 10%.
Square Area II: Comparison of modeled parameters of the DWD station Feldberg and the Climate Models REMO and CLM
In SA II the results for the OWC calculation of the REMO model mainly showed prevailing winds from the NE and a component from southwest. This is most likely attributed to variations in the model, which probably weighs the thermally induced wind systems of the Black Forest, east of the REMO grid point, higher than the higher-level mesoscale wind systems of the westerly zone (cp. Fig. 8 ). Similar conditions were already observed for the REMO grid point in SA I. Compared to the DWD station Feldberg the distribution of the wind power spectrum of Feldberg REMO was limited to only relatively low categories with maximum values only slightly above 10 m/s. The OWC of CLM in SA II was characterized by prevailing winds from W to SW. As for the Feldberg REMO the wind speeds reach maximum values only slightly higher than 10 m/s. Comparing the mean wind power density P (100 m a.g.l.) of the DWD station, the models and different scenarios in SA II, the REMO C20 and CLM C20 values obviously remained lower than the DWD Freiburg level. REMO C20 was about 55%, CLM C20 even about 65% lower than the DWD value. The highest mean wind power density of the climate models in SA II was anticipated for the future scenario B1 of REMO (141 W/m 2 ). Hence it exceeded the REMO C20 value by about 6.8%. The highest relative increase, however, was reached by CLM B1, exceeding CLM C20 by about 6.9%. The mean AEP (100 m a.g.l.) in SA II also shows similarities to the results of the wind power density (Fig. 10) . The scenario assessments for the period 2021-2050 generally exceed the accordant figures of the period 2071-2100. REMO C20's and CLM C20's mean AEPs are extremely low, underestimating the DWD value by about 73% and 79%, respectively. The enormous differences between the results for REMO C20 and the DWD Station are obvious throughout the whole Square Area II (Fig. 8) . The values range from -1 to 6 GWh, whereupon the negative and lower differences mainly can be found within valleys. The crests, however, show higher discrepancies, e. g. north of the Brangenkopf and on the Staldenkopf. Looking at CLM major differences range from 3.5 to 5 GWh and are again located in hill top position (Fig. 8) , whereas the results for the Knöpflesbrunnen reveal the maximum difference (5.2 GWh).
The maximum mean AEP of the future scenarios in SA II is anticipated for REMO B1 (2,9 GWh) (Fig. 10) . It is about 7% higher than the REMO C20 value. Hence the calculations for the REMO model show an increase of the AEP over all examined periods and scenarios. Regarding the CLM model, the period 2021-2050 shows rather an increase of the wind energy potential, in period 2071-2100, however, the AEP is declining again. The general higher level of the CLM projections compared to the REMO data of the same period is once again caused by a difference in the model heights (Tab. 2). As already explained for SA I, in SA II scenario B1 also comes up with a higher wind energy potential than scenario A1B.
The topography in SA II again results in a maximum ∆RIX value of 10%.
Discussion
The applied methods in this study are common in terms of analyzing the area-wide wind energy potential of a region. With regard to the data basis consisting of single DWD measurement stations and grid model points of REMO and CLM, it was crucial to extrapolate the wind climate statistics horizontally and thereupon produce maps showing the wind energy potential by means of "resource grids".
The analysis with WAsP, however, requires a number of input parameters (e.g. the raw data), that can cause uncertainties and hence influence the model calculations. For instance, the data quality of long term measurement data that is often applied in WAsP only rarely meets the demands of wind energy matters [35] . Resulting energy yields are typically afflicted with an uncertainty of more than 10% [36] .
Due to the fact that ASTER remote sensing data depicts the surface and crop height and not the height above sea level, small vertical differences in the elevation data set are possible. Moreover the grid point heights of REMO and CLM partly differ widely from the actual ground level elevation or the height of the according measurement stations (Tab. 1 & 2) . This might cause the major part of the discrepancies in the results. Depending on this difference the wind speed of a grid cell then can either be underor overestimated. This in turn will influence the modeling of the wind speeds and further calculated parameters. In general the wind potential maps show for each raster cell only a climatic average. Even with a resolution of 200 m there still occur elevation differences within a raster cell that will cause the earlier mentioned internal climate variability.
The uncertainty related to the data of climate models is hardly quantifiable. Longtime experiences of DEWI (German Wind Energy Institute) in evaluating such data, however, hypothesize that they do not meet the accuracy requirements when applied as the only basis of yield calculations [36] . Thus, the maps of the mean wind speed, wind power density and annual mean energy production, calculated on the basis of climate model data, only allow an estimation of the future conditions. Additionally, the scenarios A1B and B1 diverge from 2050 on, hence the discrepancy of the greenhouse gas concentrations increases [1] , whereas the reliability of the models decreases accordingly.
WAsP standardizes climatic determinants, such as the air density (1.225 kg/m 3 ) [8] or the atmospheric stratification, which are variable parameters in reality. This can cause further uncertainties with respect to the transformation into the site independent wind atlas data sets in WAsP.
The complexity of the topography and the roughness of the immediate surroundings of the measurement station and grid points directly influence how representative a calculated wind atlas data set may be. However, the expected uncertainties of the airflow calculation in complex terrain are quantifiable by the index RIX or the orographic performance indicator ∆RIX, respectively [8] . Generally, a variety of uncertainties is caused by the terrain that surrounds the reference and the predicted site. They result from extensive flow separation, the degree of turning in each sector and the size and accuracy of the underlying elevation and roughness map [31] .
Yet, it has to be noted that the environmental effects decrease with an increase of the wind turbine hub height and, consequently, are of minor degree at 100 m a.g.l..
Within the framework of a European joint research project, DEWI conducted studies in order to verify different flow models [37, 38] and identified relatively high discrepancies between the models. Wind potential studies of the ZAMG (Central Institution for Meteorology and Geodynamics in Austria) (e.g. [39] ) were also conducted using WAsP for a complex orography similar to that in the study area at hand. In addition, WAsP showed the relatively low average error of 5.4% in a direct comparison of different numeric models on the extrapolation of the wind speed in complex terrain [40] . This verifies the applicability of WAsP for the issue investigated in this study.
Fields of application
From a climatological point of view, the city of Freiburg's aspired 40.5 M kWh (40.5 GWh) of wind power already could have been achieved before 2010. The results of the DWD reference station in Freiburg confirm this statement: If 2 MW wind turbines (currently there are mainly wind turbines with 1.8 MW rated power in the Black Forest) are distributed over the most wind intensive sites such as the Kibfelsen, the Brangenkopf, the Schauinsland, the Holzschlägermatte, the Hundsrücken, and the Rosskopf the energy yield of 40.5 GWh would be feasible on an area of about 28 ha (Fig. 6) .
Occasionally, the low mountain range sites of the Black Forest show an even higher wind energy potential than coastal sites. A 6 MW wind turbine located at an exposed site could produce energy for up to 100,000 people. Consequently, a wind turbine with a rated capacity of 3-5 MW could produce the amount of energy generated by the photovoltaic systems of the whole city of Freiburg [41, 42] .
Despite the significantly reduced wind energy potential of the modeled C20 and future scenarios the top sites still could meet the focused goal on a slightly bigger area -particularly as the areas with increased potential will expand in the future scenarios (Fig. 6) .
The large discrepancies between the wind parameter calculations of REMO, CLM and the accordant values of the DWD reference station result in the conclusion that the regional climate models are not appropriate for generating a representative prospect of the wind parameters. However, it is possible to derive development trends from the future simulations and based on these trends, the dimension of change of the wind parameter values, due to the socio economic developments of the scenarios A1B and B1, can be estimated. Hence the wind energy potential development by trend can be identified. Furthermore, the calculated areal information can help to identify new wind turbine and wind park sites, as well as to evaluate their efficiency. This again supports the evaluation of local climate protection objectives, like the reduction of atmospheric CO 2 , and also endorses the definition of new targets.
Conclusion
Obviously the wind potential assessment in mountainous regions proves to be a very complex subject. The study's results provide a basis for future analyses with regard to further grid points of REMO, CLM or other regional climate models and ensembles. Additionally, the power curves and hub heights of even more efficient wind turbines could be considered. In order to consider the CORINE surface and land use data more precisely, a classification with more than 5 roughness classes could be adopted. Finally a simplification of the workflow and a better interoperability of WAsP and ArcEditor could be achieved by integrating WAsP analysis tools in the GIS software and accepting WAsP data formats in order to enhance the display possibilities for visual comparisons at a glance.
